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A B S T R A C T

Change is a ubiquitous phenomenon, but different scientific communities conceptualize change 
differently, which hampers conceptual clarity. This conceptual paper, which is based on a review 
of the literature on change, addresses this problem by developing the ‘Iceberg Model of Change’. 
This framework distinguishes three approaches to change: objectification, distinction, and 
unfolding. The objectification approach treats processes of change as things with symbolic 
properties, which can be used to steer societal and political discourse, reveal thematic relation-
ships across studies, and emphasize the significance of work. This approach also tends to consider 
change as a variable (dependent or independent) that can be used to understand antecedents and 
consequences. The distinction approach conceptualizes change as a series of discrete states of an 
entity or system at multiple points in time or as phases, enabling comparison of those states. The 
unfolding approach considers how change processes develop, including the complex, interrelated 
mechanisms underpinning change. Here, line graphs, visualizations of interaction mechanisms, 
and trajectories are used to capture change. This framework contributes to research, a) by 
enabling a comprehensive consideration of change phenomena, b) by promoting interdisciplinary 
collaboration when project partners differ in their assumptions about change, and c) by 
emphasizing the need for methodological reflexivity.

1. Introduction

Change is a ubiquitous phenomenon. It has already played a central role in ancient Greek philosophy, such as the work of Her-
aclitus, Plato, and Aristotle [1]. Over the centuries, the idea that change is an essential aspect of many phenomena has proliferated in 
various scientific disciplines, including medicine [2], climate science [3], geography [4], organization studies [5], employment 
research [6], material science [7], and many more. As such, studying change is recognized as crucial in both research and practice. 
Conceptualizations of change, however, often develop within specific scientific communities [8], leading to different approaches and 
understandings of change. Against this backdrop, there is a need to articulate approaches to change to foster conceptual clarity. This 
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becomes particularly important when scholars from different disciplines come together, as different approaches to change build on 
varying implicit onto-epistemological assumptions. Divergent yet implicit assumptions could hamper collaboration because of po-
tential misunderstandings [9–11].

Thus, this article aims to sensitize scholars to different approaches to change. To accomplish this, we use an extensive review of the 
literature to develop a framework that differentiates three approaches. First, the objectification approach treats processes of change as 
things to which properties can be assigned. This approach considers change as a symbol, which can be used to steer societal and 
political discourse, reveal thematic relationships across articles, and emphasize the significance of work. Moreover, the objectification 
approach often considers change as an independent or dependent variable that can be used to understand antecedents and conse-
quences. Second, the distinction approach conceptualizes change as a series of discrete states or phases of an entity or system at multiple 
points in time. This approach is suitable to make comparisons across states and phases. Third, the unfolding approach considers how 
change processes develop, including the interrelated mechanisms that unfold over time and interact in complex ways underpinning 
change. We argue that each of the three approaches has its merits, and they are not mutually exclusive but entail an increasing depth of 
engagement with change: the objectification approach treats change like a black box, which is opened as we consider the other ap-
proaches. We, therefore, relate those approaches in a taxonomic framework, which we label the ‘Iceberg Model of Change’ (see Fig. 1).

The ‘Iceberg Model of Change’ is the core contribution of this paper. The development of this framework has important implications 
for research. First, it enables a more comprehensive conceptualization of change, which can help scholars see their focal phenomena of 
interest in new ways. Second, we argue that our framework can support interdisciplinary collaboration about exploring phenomena in 
which change plays an important role (e.g., climate change). Because scholars from different disciplines often have varying as-
sumptions about change, our framework enables common ground. Third, our framework has methodological implications, as each 
approach implies the application of different methods.

This article is structured as follows. First, we describe the methodological approach through which we developed the framework. 
Second, we describe the framework and detail examples from published research to substantiate our claims. Third, we discuss the 
implications for research. Fourth, we conclude with avenues for future research.

2. Method

Step 1 Identifying change papers. Building on the observation that change plays an essential role in many research disciplines, we 
obtained articles from the ‘Web of Science Clarivate Analytics’ database [12], searching for the term ‘change’ in the title and 
author keywords, and selecting highly cited articles (a selection criterion offered by the database). This search resulted in 4423 
articles.

Step 2 Analyzing change topics. Because we wanted to identify phenomena in which change matters, we applied co-occurrence 
analysis to the dataset derived from Step 1. We used ‘VOSviewer’, a widely used tool in bibliometric analysis [13–15], to 
accomplish this. ‘VOSviewer’ applies a clustering function that assigns words to thematic clusters based on their co-occurrence 
in paper titles [16]. The more often two words occur together in article titles, the closer they are positioned to each other in the 
resulting network (see Fig. 2). This way, it is possible to identify broader topics in a dataset. We identified five main topics in 
which change plays an essential role. Each topic is highlighted in a different color in Fig. 2. The appendix provides detailed 
descriptions of these topics.

Fig. 1. The Iceberg Model of Change.
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Step 3 Identifying change-related differences across papers. Step 2 helped us develop an overview of research that deals with 
change, but we realized that articles employ different assumptions about change. Thus, we started analyzing the 15 most highly 
cited publications in our dataset to identify different ways in which change is conceptualized. In an iterative process (involving 
multiple rounds) of (a) defining categories, (b) discussing and aligning them across members of the author team, and (c) 
applying the categories to further papers, we defined a set of categories that enabled us to characterize change in those articles. 
We increasingly incorporated more papers in our analysis until we reached a point of theoretical saturation [17]. In sum, we 
analyzed the 80 most highly cited papers in our dataset. Iterating through this process over several rounds, we uncovered three 
different approaches to change (i.e., objectification, distinction, and unfolding). As we crafted the textual description of the 
three approaches, we considered additional articles (e.g., popular change frameworks) that help to illustrate our arguments. 
The overview of change topics derived from Step 2 informed the incorporation of those additional articles.

3. Results: The Iceberg Model of Change

The central contribution of this article is to develop a taxonomic framework, which we label the ‘Iceberg Model of Change’ (Fig. 1). 
This taxonomy incorporates three approaches to change: the objectification approach, the distinction approach, and the unfolding 
approach. We use the iceberg metaphor because those approaches reflect increasing depth. While the objectification approach does not 
uncover the internal dynamics of change, the distinction and ultimately the unfolding approach reveal the internal dynamics of those 
processes. However, the iceberg metaphor also indicates that we do not consider those approaches as mutually exclusive: each 
approach focuses on a different aspect of change in a particular phenomenon, and thus those approaches should be seen as comple-
mentary. We next describe each approach in detail.

3.1. Objectification approach

Change as a symbolic representation. The objectification approach treats processes of change as ‘things’, often with a teleo-
logical connotation. A well-known example is the ‘1.5-degree pathway’, i.e., the aim of limiting human-made global warming to a 
maximum of 1.5 ◦C in the timespan from 1900 to 2100 [18]. Similarly, the ‘4 per mille’ goal refers to an annual increase of global soil 
organic matter stocks by 0.4 percent per year to compensate for emissions [19]. Other examples of the objectification approach cover 

Fig. 2. Overview of phenomena in which change matters.
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performance metrics of companies (e.g., increasing profit by 10 percent), public health initiatives (e.g., reducing the incidence of 
smoking-related diseases by 10 percent), and educational reforms (e.g., increasing high school graduation rates by 10 percent). In all 
those examples, the change process itself (e.g., global warming, performance increase, reduction of smoking-related diseases) remains 
black-boxed (i.e., scholars do not examine how it unfolds).

The objectification approach uses change as a symbol to strategically stress relevance and influence collective behavior. For 
instance, the ‘1.5-degree goal’ is loaded with symbolic meaning that steers societal discourses. As a consequence, politicians and 
researchers identify measures that may help to mitigate climate change [20]. Similarly, the term ‘climate change’ is often used to stress 
the relevance of scientific studies [e.g., 21-24]. Zarfl et al. [25], for instance, argue that climate change stimulates demands for 
renewable energy, which sets the ground for their study on hydropower dams. Hence, the authors use the notion of climate change to 
stress the relevance of their project. Moreover, scholars often lend significance to their studies by emphasizing the ever-increasing 
intensity of change, such as the increasing extensiveness of extreme events [26,27] or increasingly competitive market conditions 
[28]. Some scholars also use the term ‘global change’ to signify the overwhelming degree of change in our society [29–31].

Another purpose of the objectification approach is to situate work in a broader discourse, revealing thematic relationships among 
studies. Consider the following examples. First, ‘climate change’ serves as an umbrella term for studies on diverse topics such as 
permafrost carbon feedback [32], biodiversity [33], wildfires [34], or extinction risks [35]. Second, the term ‘urban development’ 
considers urbanization as a change process. Studies using this term cover the application of resilience theory in managing 
socio-ecological systems [36], the conversion of natural landscapes into built environments [37], biodiversity loss through urbani-
zation [38], and inequalities through rapid urbanization [39].

Change as a dependent or independent variable. From a methodological point of view, the objectification approach tends to 
conceptualize change as a dependent or independent variable. Several studies consider change as a dependent variable. An example is 
the ‘Theoretical Domains Framework’ in implementation science, which lists a set of factors (e.g., knowledge, skills, role, and identity) 
that are expected to influence behavioral change [40]. In organization studies, dynamic managerial capabilities, such as managers’ 
abilities to sense environmental dynamics, are seen as antecedents to the strategic change of the organization [41]. Similarly, orga-
nizational change may be influenced by job crafting [42].

Studies also consider change as an independent variable. For instance, scholars examine the impact of climate change on various 
aspects such as wildfires [34], biodiversity [43], cyanobacterial blooms [44], river flows [45], rice supply [46], and bumblebee 
populations [47]. Other scholars examine how changes in technology drive transformations in employment [48], carbon emissions 
[49], sustainable practices [50], and healthcare practices [51], highlighting the influence of technological progress on shaping societal 
and economic domains.

3.2. Distinction approach

Change as a series of discrete events or phases. Adopting a distinction approach, scholars view processes of change as series of 
discrete states of systems or entities at different points in time. Neumann et al. [52], for instance, estimate the states of coastal 
populations at three points in time (i.e., 2000, 2030, and 2060). Hughes et al. [4] determined the states of coral reefs (i.e., their extent 
of bleaching) in 1998, 2002, and 2016. Similarly, Cradock et al. [53] examine how human health changes through behavioral change 
interventions. More specifically, they examine the states of the human body (i.e., hemoglobin and body weight) after 3, 6, 12, and 24 
months following an intervention which targets diet and physical activity in patients with type 2 diabetes.

Using a distinction approach, scholars also describe the phases that are characteristic of particular change processes. In psycho-
logical research, multiple models describe behavioral and psychological changes as sequences of phases. Lewin [54], for instance, 
suggest that change occurs in three phases: unfreezing, moving, and freezing. Kübler-Ross [55] developed a model of grief, including 
the phases of denial, anger, bargaining, depression, and acceptance. Individuals may progress through those phases sequentially, but 
they may also go back and forth. Similarly, Kotter’s [56] eight-step model of change involves the following phases: creating a sense of 
urgency, building a guiding coalition, developing a vision and strategy, communicating the change vision, empowering broad-based 
actions, generating short-term wins, consolidating gains and produce more change, as well as anchor new approaches in corporate 
culture. In resilience research, the ‘Adaptive Cycle Model’ is another example of a phase-based approach, consisting of the steps of 
exploitation, conservation, release, and reorganization [57].

Comparing states at different points in time. Scholars often measure the states of an entity or system at multiple points in time. 
For instance, they examine mortality rates [58], bleaching degrees of coral reefs [4], land change [59,60], and forest areas [61] at 
different points in time. Consequently, scholars can compare those states. Neumann et al. [52], for instance, estimated coastal pop-
ulations at three points in time, which can be used to identify trends. An example in the realm of education research is the longitudinal 
study conducted by Torres-Martín et al. [62], which investigates the implementation of the flipped classroom teaching method and its 
impact on improving academic performance. The study assesses student test scores, engagement levels, and graduation rates over 
several academic years to capture the effectiveness of the flipped classroom approach. By comparing these metrics across points in 
time, educators and researchers were able to discern trends in educational outcomes, providing valuable insights for adjusting teaching 
strategies.

3.3. Unfolding approach

Change as complex interactions, dynamics, and flow. The unfolding approach emphasizes the complex mechanisms and in-
teractions that propel processes of change forward. The unfolding approach corresponds with the ‘Strong Process Ontology’ [63] in 
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organization studies. This idea, which originated in philosophy [64], goes beyond the assumption that change happens to entities but 
instead assumes that entities are temporary manifestations of processes of change. Hence, ontological priority is given to the change 
process rather than the entity that is being changed. This approach helps scholars to better understand how and why change occurs. 
These scholars, for instance, examine how organizational routines change and remain stable over time. Deken et al. [65] showed how 
actors incorporate novelty into routines, as they engage in iterative cycles of routine work, surfacing differences, and emerging 
consequences. In the realm of climate science, Seidl et al. [66] examined the direct, indirect, and interaction effects in the context of 
climate change-induced forest disturbance. These authors analyzed how climate change affects forest disturbances through various 
factors such as fire, drought, and insects by examining the complex interplay between these mechanisms. Wind disturbance, for 
example, can create favorable conditions for insect outbreaks, leading to increased impacts on forest ecosystems. In material science, 
Younsi and Naji [67] examine the dynamics of phase change materials integrated into brick walls aimed at improving the thermal 
performance of buildings. They explore the complex interplay of environmental conditions, phase changes in materials, and energy 
storage.

Capturing change as line graphs, interaction mechanisms, and trajectories. Several studies that adopt the unfolding approach 
visualize change as line graphs over time. For instance, the ‘Great Acceleration Graphs’ are a set of charts that show socio-economic 
trends and trends in the earth system over decades, including changes in population, water use, transportation, methane, surface 
temperature, and many more [68]. Pekel et al. [69] also show how global water coverage changes over time. They provide line graphs 
for water changes in multiple countries. Gössling et al. [30] provide graphs that show how global tourism changes over time, and they 
indicate how crisis events, such as the global economic crisis or the 9–11 terrorist attack, affected this change process.

Moreover, scholars adopting the unfolding approach visualize complex interaction mechanisms. System dynamics scholars, for 
instance, describe processes of change in causal loop diagrams or dynamic stock and flow diagrams [70]. These visualizations capture 
the complex feedback loops of the components of a system, which can be used to describe the internal dynamics of change. Littlejohns 
et al. [71], for example, used a causal loop diagram to explore the complex interactions influencing health promotion practices within a 
health system. This study identified virtuous and vicious feedback loops, illustrating how changes in one part of the system can in-
fluence health outcomes across the system. For example, the lack of leadership and policy directions reduces community participation 
and weakens health promotion practices. This leads to a vicious feedback cycle. Another example is the ‘Driver-Pressur-
e-State-Impact-Response Framework’ (DPSIR) [72]. This framework suggests that drivers such as human behavior put pressure on the 
environment. These pressures change the state of the environment, which has biological, economic, and social impacts that lead to 
governmental and societal responses. The latter aspects close the loop by influencing drivers and pressures. The DPSIR framework can 
be used to describe the complex interactions that matter for environmental change. Relatedly, Steffen et al. [73] show possible tipping 
cascades that could lead the earth system to a hothouse earth pathway. The loss of the East Antarctic Ice Sheet, for instance, could 
influence thermohaline circulation, which could then transform the Amazon rainforest into a savanna.

Scholars adopting the unfolding approach also capture change by focusing on trajectories and pathways. In biology research, for 
instance, ‘Waddington’s Canalization’ [74] describes the evolution of phenotypes in development. The central idea is that 

Fig. 3. Visualization of the three approaches to change.
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development is influenced by an epigenetic landscape, which makes some pathways more likely than others. Steffen et al. [73] used a 
similar visualization to understand alternative pathways for climate change. In organization studies, moreover, scholars describe 
processes as multiplicities of paths [75], stressing the alternatives that actors have as they engage in organizational change.

4. Discussion

In this paper, we aim to sensitize scholars to different approaches to change. Our key contribution is the development of the ‘Iceberg 
Model of Change’, which includes the objectification, distinction, and unfolding approach. Fig. 3 provides a visualization of how each 
approach conceptualizes change. First, the objectification approach considers processes of change as ‘things’ to which properties can be 
assigned. Here, change is oftentimes treated as a symbolic object that can be used to steer societal discourse, emphasize the significance 
of work, or indicate thematic relationships across studies. Second, the distinction approach considers change as a series of states or 
phases of an entity or system, which facilitates comparisons of those states at different points in time. Third, the unfolding approach 
focuses on how change evolves, examining trajectories or the underlying mechanisms that interrelate in dynamic and complex ways. 
The overall contribution of our ‘Iceberg Model of Change’ is to make those approaches explicit.

Prior research has already presented multiple frameworks that help to conceptualize change. These frameworks include the ‘Three 
Phase Model’ [54] in social psychology, the ‘Motors of Change Framework’ [5] in organization studies, the ‘Theoretical Domains 
Framework’ in implementation science [40], system archetypes in system dynamics research [76], the ‘Advocacy Coalition Frame-
work’ in policy science [77], or the ‘Driver-Pressure-State-Impact-Response Framework’ [72] in environmental science. Our ‘Iceberg 
Model of Change’ differs from most prior frameworks as it does not attempt to explain how change occurs (i.e., antecedents and 
outcomes, typical phases, or its internal mechanisms), but it strives to delineate different ways of conceptualizing change. Thus, it 
operates on an onto-epistemological level. We next discuss the implications of our work.

4.1. Implication 1: Enabling a comprehensive consideration of change

Our framework allows scholars to see change from different perspectives, which can enable a comprehensive consideration of focal 
change processes. Hughes et al. [4], for instance, primarily applied the distinction approach as they examined the impact of select heat 
waves on mass coral bleaching. We suggest that our framework could have helped those authors to consider additional aspects of coral 
bleaching. For instance, additionally focusing on the objectification approach could have enabled the authors to expand on the idea of 
coral bleaching as a matter for societal and political discourse (e.g., focusing on why coral bleaching is problematic and calling for 
specific initiatives). The authors conclude the paper with the statement that “[s]ecuring a future for coral reefs, including intensively 
managed ones such as the Great Barrier Reef, ultimately requires urgent and rapid action to reduce global warming” (p. 376). This 
statement could provide the baseline for calling in scholars and politicians to problematize coral bleaching more explicitly. Moreover, 
adopting the unfolding approach could have provided interesting extensions to this study. The authors stress various factors that matter 
for coral bleaching, such as cyclones, the role of marine park management and water quality maintenance, or the dynamic interplay of 
bleaching and recovery. Causal loop models could have enabled a better understanding of those complex interactions. It might also 
have been interesting to gain a better understanding of the unfolding of bleaching and recovery over time or the different trajectories of 
bleaching.

As this example shows, our model enables a comprehensive view of change in specific phenomena, such as coral bleaching. More 
generally speaking, scholars that typically focus on the objectification approach, for instance, risk overlooking the temporal progression 
of a focal change process as well as the complex underlying dynamics that constitute those processes. Scholars that typically adopt a 
distinction approach, by contrast, might miss the opportunity to use their focal change process symbolically, and they also undermine 
the complexity of causal mechanisms underpinning change. Scholars who focus on the unfolding approach might also miss the symbolic 
aspects of change processes, and thus opportunities to steer societal and political discourse. They might also struggle to identify phases 
through which change progresses.

Scholars can mitigate those risks by considering all three approaches that we identified in conjunction. Indeed, we do not consider 
the three approaches that we identified as distinct, but complementary and synergistic. The approaches may be seen as figure-ground 
inversions [75], in which specific aspects of change come to the foreground while others are moved to the background. Our framework 
articulates those approaches, enabling informed action related to processes of change.

4.2. Implication 2: Promoting interdisciplinary collaboration

Grand challenges, such as climate change, are often constituted through processes of change. Furthermore, interventions into grand 
challenges involve a need for change [78], for instance, when human behaviors should be changed to ensure human health. It is 
well-known that understanding and effectively tackling those grand challenges requires interdisciplinary collaboration [79–81], 
where interdisciplinarity is defined as “communication and collaboration across academic disciplines” [82, p. 44]. Different ap-
proaches to change, without awareness of differences in scholars’ assumptions, however, may hamper such interdisciplinary 
collaboration [83].

We argue that our framework can support interdisciplinary collaboration because it uncovers different approaches to change. 
Scholars can situate themselves in one approach and may begin to understand that their project partners differ in their assumptions. 
This way, our framework could be used to uncover diverging approaches to change across disciplines, enabling reflexive interdisci-
plinary collaboration. Our model contributes to the development of a common language (i.e., objectification, distinction, and 
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unfolding), which enables scholars to determine their focal approach, communicate it to others, and understand differences in 
assumptions.

Consider the following example. To understand and effectively tackle climate change, researchers from multiple disciplines need to 
collaborate [80]. Climate scientists assess how the climate changes in various regions, and they develop scenarios of future pro-
gression. To tackle climate change, however, a deep understanding of the organizational and societal practices that underpin this grand 
challenge is essential. Social scientists, thus, need to assess the practices that contribute to climate change, and how and why detri-
mental practices tend to persist. To better understand the interventions required to tackle climate change, political scientists may help 
understand intricate political dynamics and policy changes. To successfully study climate change in projects involving climate sci-
entists, social scientists, and policy scholars, interdisciplinary teams must skillfully integrate the three approaches covered by our 
Iceberg Model of Change. For instance, the objectification approach can help to better understand how insights developed by climate 
and social scientists can enter the political arena as symbolic objects. The distinction approach can facilitate a good understanding of 
climate differences over time, and the unfolding approach helps to understand through which mechanisms the climate changes.

4.3. Implication 3: Supporting methodological reflexivity

Our framework also uncovers the need for methodological reflexivity [84,85]. Depending on which approach scholars adopt, they 
may be inclined to employ a different set of methods. In the objectification approach, for instance, scholars tend to consider change as 
either a dependent or independent variable, which allows them to understand its antecedents and consequences. This, for instance, 
suggests quantitative studies in which dependent and independent variables are measured and correlated [e.g., 86]. In the distinction 
approach, scholars compare the states of a change process at different points in time, for instance, by calculating differences (e.g., 
through statistical approaches that compare variables at different points in time) [e.g., 4]. In the unfolding approach, by contrast, 
scholars examine trends in the change process in line graphs (e.g., suggesting the continuous monitoring of a phenomenon) [e.g., 69] 
or identify underlying mechanisms (e.g., in longitudinal case studies) [e.g., 65].

Vice versa, the nature of available data may influence the approach that can be adopted. In a complex and dispersed change 
process, such as coral bleaching [4], for instance, it might be difficult to obtain detailed data about the unfolding of this process at 
scale. Similarly, it might not be feasible (or very resource-intensive) to continuously track the progression of a change process. Thus, 
scholars may only be able to obtain data at some points in time, which suggests a distinction approach. Certainly, methodological 
options and assumptions go hand in glove, but our framework enables reflexive decisions when it comes to empirical studies.

5. Avenues for future research

The central contribution of this paper is the development of the ‘Iceberg Model of Change’. Even though we developed this con-
ceptual model based on a literature review, the arguments on the applicability of this framework in specific research projects need to 
be examined, validated, and potentially refined empirically. Thus, the next step is the application and assessment of the framework in 
research collaborations.

We suggest that more research should be done to better conceptualize change. Questions for future research include: Which dis-
ciplines use the term change, and how does this relate to terms such as growth, decay, translation, transformation, transposition, 
development, transfer, innovation, flow, and flux? How do disciplinary backgrounds influence how scholars conceptualize change? 
Does this relate to reflexivity, and an awareness of the authors’ roles in processes of change? Which methods are compatible with 
which approach, and what does methodological triangulation look like when approaches are integrated? Answering those and many 
other questions could enhance clarity related to the concept of change, and elucidate its underlying architecture.
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Appendix. Overview of phenomena related to change

In this appendix, we provide an overview of phenomena related to change. We identified five main topics, as illustrated in Fig. 2. 
We do not claim that these are all-encompassing, but the purpose of this analysis is to provide a high-level overview of phenomena in 
which change plays a role.

First, the green-colored nodes in the network hint at societal changes. Pandemics (such as COVID-19), for example, relate to diets, 
physical activity, mortality, and behavior more generally [87,88]. Human health is another phenomenon that relates to societal 
changes. Gut microbiota, for instance, influence diseases such as diabetes, and factors such as the use of antibiotics, dietary changes, 
and diabetes itself can cause changes in gut microbiota [89]. Therefore, it is important to understand these aspects to develop effective 
disease management strategies.

Second, the red-colored nodes relate to climate change and its impact on the environment. For instance, the development of climate 
change (e.g., rising temperatures) and its effects on agricultural ecosystems (e.g., changing precipitation patterns, droughts) influence 
the behavior and dynamics of insect pests, which has detrimental effects on agriculture [90], and thus food security. Furthermore, 
studies explore responses and the resilience of natural ecosystems to global warming and the associated climatic changes that have a 
significant impact on biodiversity [33].

Third, the blue-colored nodes relate to changes in land use. For instance, studies explore changes in spatial land patterns across 
China from woodland or grassland to agricultural and build-up land. Accelerated urbanization in China has led to an increase in build- 
up land used for construction purposes, indicating conflicts between urbanization and agricultural land conservation [91,92]. 
Furthermore, studies examine change processes resulting from urban challenges, such as the creation of housing areas [93]. Cities need 
to become smarter to cope with challenges arising from urbanization and improve resilience to withstand and recover from disruptive 
events [94].

Fourth, the yellow-colored nodes examine change processes related to the utilization of phase change materials (PCMs) in different 
sectors, such as biomedical, textile, or automotive industries [95]. Phase change materials are materials that contribute to the efficient 
use of waste heat and solar energy, fostering their performance [96]. Besides thermal energy storage, PCMs are also used in data 
processing. For instance, Zhang et al. [97] examine changes in computing devices, such as processing and memory units that involve 
phase changes, e.g., from amorphous to crystalline state and vice versa.

Fifth, the purple nodes in the network relate to initiatives and policies aimed at climate change adaptation and mitigation. Ocko 
et al. [98], for instance, discuss methane mitigation measures to slow global warming and to reduce associated damage to social and 
natural systems. Termeer et al. [99] discuss transformational change in response to climate change and examine how organizations can 
adapt to volatile dynamic environments. Furthermore, studies discuss the development of meaningful governance interventions to 
adapt to climate change. Schaffer et al. [100], for instance, compare the climate change policy output of several countries over time 
and discuss the extent to which differences in public demand for climate change mitigation lead to differences in public policy targeted 
at greenhouse gas mitigation.
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[79] G. Carr, D.P. Loucks, G. Blöschl, Gaining insight into interdisciplinary research and education programmes: a framework for evaluation, Res. Pol. 47 (1) (2018) 

35–48.
[80] B. König, et al., A framework for structuring interdisciplinary research management, Res. Pol. 42 (1) (2013) 261–272.
[81] G.S. Omenn, Grand challenges and great opportunities in science, technology, and public policy, Science 314 (5806) (2006) 1696–1704.
[82] J.A. Jacobs, S. Frickel, Interdisciplinarity: a critical assessment, Annu. Rev. Sociol. 35 (1) (2009) 43–65.
[83] C.A. Mahringer, et al., Benefits and obstacles of interdisciplinary research: insights from members of the young Academy at the Heidelberg Academy of 

sciences and Humanities, iScience 26 (12) (2023).
[84] C. Kingdon, Reflexivity: not just a qualitative methodological research tool, Br. J. Midwifery 13 (10) (2005) 622–627.
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